INTRODUCTION
In manyˆeld situations,ˆll materials are compacted where the excess pore-air pressure developed during compaction will dissipate instantaneously, but the excess pore-water pressure will dissipate with time. It can be considered that the air phase is generally under a drained condition and the water phase is under an undrained condition during loading. This condition can be simulated in a constant water content (CW) triaxial test. The excess pore-water pressure generated during loading under the constant water content condition is an important aspect that may cause many geotechnical problems such as slope failures. However, shear strength parameters used in geotechnical designs are obtained mainly from the consolidated drained (CD) or consolidated undrained (CU) triaxial tests. In the past few decades, numerous researchers (Bishop et al., 1960; Bishop and Donald, 1961; Blight, 1961; Satija, 1978; Sivakumar, 1993; Rahardjo et al., 2004) have studied the shear strength characteristics of unsaturated soils under the constant water content condition in a triaxial apparatus. The di‹culty of the CW test is associated with the assurance for uniformity of the pore-water pressure within the soil specimen during shearing.
A number of researchers (Alonso et al., 1990; Toll, 1990; Sivakumar, 1993 Chiu and Ng, 2003) have studied the critical state of unsaturated soil on the (q-p) plane (where q＝deviator stress＝(s1-s3) and p ＝mean net stress＝[(s1＋s2＋s3)/3-ua]). However, the experimental data of unsaturated soil on the (q-s-p) space and (v-p) plane have not been extensively investigated (where, s＝matric suction and v＝speciˆc volume). The main objective of this paper is to study the soil parameters at the critical state as obtained from the CW and CD triaxial tests. In addition, the soil parameters at the critical state obtained from the CW and the CD triaxial tests are compared.
Identically compacted kaolin specimens at the maximum dry density (1.35 Mg/m 3 ) and optimum water content (22z) were prepared for triaxial testing. Specimens were statically compacted in 10 layers of equal thickness of 10 mm. The height and diameter of theˆnal specimens were 100 mm and 50 mm, respectively. The concept of axis translation technique (Hilf, 1956 ) was adopted to control matric suction in the soil specimens during both tests.
SOIL PROPERTIES
Coarse kaolin made by Kaolin Malaysia SDN BHD Fredlund and Rahardjo, 1993) was selected for the experimental program in this study. The Atterberg Limits, grain size analysis, speciˆc gravity and coe‹cient of permeability tests were conducted to determine the index properties of the compacted kaolin. The index properties of the kaolin are presented in Table  1 .
PROCEDURE AND TESTING PROGRAM
The modiˆed triaxial apparatus used in this study for the CW and CD triaxial tests was similar to the modiˆed triaxial apparatus described by Fredlund and Rahardjo (1993) . The modiˆed triaxial apparatus allows the control of both pore-air, ua, and pore-water pressures, uw, using the axis-translation technique and therefore, the matric suction, (ua-uw) of the specimen can be controlled. Figure  1 shows the test set up. The height and diameter of the specimens were approximately 100 mm and 50 mm, respectively. Identically compacted silt specimens at the maximum dry density and optimum water content were prepared. The specimens were statically compacted in 10 layers of 10 mm thickness.
Testing Procedure for Constant Water Content Tests
The testing procedure for the triaxial tests on saturated soils as given by Head (1986) was adopted. The procedure for triaxial tests on unsaturated soils follows the procedure described in Fredlund and Rahardjo (1993) . The initial matric suctions of the specimens were established using the axis-translation technique.
Saturation Stage
The soil specimen was initially saturated for all the tests in order to obtain consistent initial water content and degree of saturation. In this stage, the air pressure line was replaced by water pressure line connected to a digital pressure and volume controller (DPVC) to inject water into the specimen from the top. During the saturation stage, the specimen was saturated by applying a cell pressure, s3, and a back pressure, uw, under an eŠective conning pressure of 10 kPa until the pore-water pressure parameter, B, was close to 1. Full saturation was assumed to have been achieved when the B value was greater than 0.95 (Head, 1986) . Each specimen required about four days for the saturation stage to be completed.
Consolidation Stage
After saturation, the soil specimen was isotropically consolidated to the desired net conˆning stress, (s3-uw). During the consolidation stage, the specimen was allowed to consolidate under an isotropic conˆning stress, s3, and a pore-water pressure, u w . The magnitudes of the pressures for the consolidation stage were selected based on the desired values of the net conˆning stress, (s3-ua). During the isotropic consolidation, the water valve was left opened and the pressures were controlled at the desired values. The amount of water that drained out from the soil specimen during the isotropic consolidation was recorded by the DPVC and the data were transferred to the personal computer. The total volume change of the specimen during the test was calculated from the volume change on the DPVC which indicated the amount of water that ‰owed into or out of the triaxial cell. The consolidation was assumed to have been completed when the water volume change leveled oŠ and the excess porewater pressure had fully dissipated. Each specimen required about 1 hour for the consolidation stage to complete. After the isotropic consolidation had been completed, matric suction was applied to the soil specimen.
Matric Suction Equalization Stage
Once the consolidation stage had been completed, the line connected to the top loading cap was disconnected from the DPVC and reconnected to the air pressure system. The DPVC was subsequently connected to the porewater pressure at the base plate (i.e., uw). During the drying stage, matric suction was increased by decreasing the pore-water pressure at the base plate while maintaining the pore-air pressure. Meanwhile for the wetting stage, matric suction was decreased by increasing the pore-water pressure at the base plate. The amount of water that drained out from the soil specimen and the total volume change of the specimen during drying and wetting stages were recorded by the DPVCs (i.e., DPVC for cell pressure and DPVC for back pressure) and stored in a personal computer. The equalization was assumed to have been achieved when the excess pore-water pressure had fully dissipated and water volume change had decreased to 0.04z per day as suggested by Sivakumar (1993) . All of recorded data were transferred to a personal computer.
Shearing Stage
When an equilibrium condition had been achieved under the applied net conˆning stress, (s3-ua), and matric suction, s＝(u a -u w ), the specimen was then sheared by applying an axial load at a constant strain rate. Ong (1999) conducted a pilot CW triaxial test to investigate the eŠect of strain rate on matric suction and shear strength of compacted specimens of the residual soil from the sedimentary Jurong Formation of Singapore. The pilot test was conducted under a constant water content condition with diŠerent strain rates ranging from 0.009 to 0.081 mm/min. The peak stresses of all the obtained stress-strain curves were found to coincide. The matric suction at failure increased about 2z when strain rate increased from 0.009 mm/min to 0.018 mm/min. However, the matric suction at failure increased about 10 z when strain rate increased from 0.018 mm/min to 0.081 mm/min. Rahardjo et al. (2004) used the strain rate of 0.009 mm/min for the compacted residual soil from the sedimentary Jurong Formation. In this study, the strain rate of 0.009 mm/min was also used because the silt had similar properties (i.e., plasticity index, coe‹cient of permeability) with the properties of the residual soil from the sedimentary Jurong Formation of Singapore. The soil specimen was sheared under drained conditions for the air phase and undrained conditions for the water phase. This means that during shearing the valve for the air pressure line was opened and controlled at a required pressure while the valve for the water pressure line was closed. In this shearing stage, the pore-air pressure, ua, was maintained at the same magnitude as that obtained at the end of the equalization stage. The pore-water pressure, uw, in the soil specimen would increase or decrease depending on the volume change of the soil specimen and this pore-water pressure was measured using NTU mini suction probes. The diŠerence between the pore-air pressure, ua, and the pore-water pressure, uw, gives the matric suction, (ua-uw). Shearing was terminated when the deviator stress, q＝(s1-s3), reached a constant value or a distinct shear plane in the specimen had been observed. The maximum axial strain was set to 20z. Each specimen required about one to three days for the shearing stage to be completed.
Testing Procedure for the CD Triaxial Tests Saturation, Consolidation and Matric Suction Equalization Stages
The saturation, consolidation and matric suction equalization stages were conducted in the same manner as those performed in the CW triaxial tests. Once the matric suction equalization had been completed, the specimen was sheared under a drained condition.
Shearing Stage Rahardjo et al. (2004) used the strain rate of 0.0009 mm/min for the CD triaxial tests on the compacted residual soil from the sedimentary Jurong Formation. In this study, the strain rate of 0.0009 mm/min was also used because the silt had similar properties (i.e., plasticity index, coe‹cient of permeability) with the properties of the residual soil from the sedimentary Jurong Formation. The soil specimen was sheared under drained conditions for both the air and water phases. This means that during shearing the valves for both the air pressure and water pressure lines were opened and controlled at the required pressures. In this shearing stage, the pore-air pressure, ua, and pore-water pressure, uw, were maintained at the same magnitudes as those obtained at the end of the equalization stage. Shearing was terminated when the deviator stress, q＝(s1-s3), reached a constant value or a distinct shear plane in the specimen had been observed. The maximum axial strain was set to 20z.
TEST RESULTS AND DISCUSSIONS
A naming convention for the CW tests was adopted using a designation of CWx-y. The term x-y in CWx-y means that the test was conducted under a net conˆning pressure of x kPa and at an initial matric suction of y kPa. Similarly, a naming convention for the CD tests also used a designation of CDx-y. The term x-y in CDx-y means that the test was conducted under a net conˆning pressure of x kPa and a matric suction of y kPa. Figure 2 shows the results from the CW triaxial shearing tests under diŠerent net conˆning stresses but at the same initial matric suction of 150 kPa. The graphs in Fig.  2 indicate that most of the stress-strain curves showed evidence of post-peak strain softening.
The results from the CD triaxial shearing tests under diŠerent net conˆning stresses but at the same matric suction of 100 kPa are presented in Fig. 3 . Figure 3 shows that most of the stress-strain curves exhibited evidence of post-peak strain softening. However, the ductility of the specimens increased with the increase in the net conˆning stress. The lower the net conˆning stress was, the more distinct the peak deviator stress would be. The higher the net conˆning stress was, the higher the axial strain required for the specimen to reach the maximum deviator stress. Figure 4 shows the stress paths for the CW triaxial tests under diŠerent initial matric suctions (i.e., matric suctions of 100 kPa, 150 kPa, 200 kPa and 300 kPa) but at the same net conˆning stresses of 100 kPa. The results indicate that matric suction decreased with the increase in deviator stress. It can be seen that matric suction decreased throughout the CW triaxial shearing tests. In general, the trend of the stress paths on the (q-s) plane during the shearing stage was similar. The deviator stresses dropped after reaching the peak deviator stress towards the direction of decreasing matric suctions (i.e., to the left of the graph). Figure 5 summarizes the critical states of the CW triaxial tests under diŠerent net conˆning stresses and diŠerent initial matric suctions (i.e., zero kPa, 100 Pa, 150 kPa, 200 kPa and 300 kPa) on the (q-p) plane. Figure 5 indicates that the critical state lines at diŠerent matric suctions were parallel on the (q-p) plane. The slopes of the critical state lines for the CW triaxial tests have the same value of 1.28. Figure 6 shows the summary of the critical states of the CW triaxial tests under diŠerent net conˆn-ing stresses and diŠerent initial matric suctions on the (qs-p) space. The stress states at the critical state of the CW triaxial tests are presented in Table 2 . Figure 7 shows the summary of the critical states of the CD triaxial tests under diŠerent net conˆning stresses and diŠerent matric suctions (i.e., 0 kPa, 100 kPa, 200 kPa and 300 kPa) on the (q-p) plane. Meanwhile, Figure 8 shows the summary of the critical states of the CD triaxial tests on the (q-s-p) space. Table 3 presents the stress states at the critical state of the CD triaxial tests. Figures 5 and 7 indicate that the critical state lines at diŠerent matric suctions were parallel on the (q-p) plane. The slopes of the critical state lines for the CD triaxial tests have the same value of 1.28. In other words, the slopes of the critical state lines on the (q-p) plane were unique for the compacted silt as obtained from both the CW and CD triaxial tests. Figure 9 shows the tensile strength due to matric suction from the CW and CD triaxial tests on the compacted silt specimens under diŠerent net conˆning stresses and at diŠerent matric suctions. Figure 9 indicates the nonlinear relationship between the tensile strength and matric suction as obtained from the CW and CD triaxial tests in this study agreed with the trend reported by Rampino et al. (1999) . Figure 10 shows the stress paths on the speciˆc volume, v, (i.e., v＝1＋e, where: e＝void ratio) versus logarithm of the mean net stress, p, for the CD triaxial tests under the saturated condition. Figure 10 shows that the three compacted silt specimens started the shearing process along the normal compression line. The speciˆc volume decreased and then increased subsequently for specimens CD100-0 and CD200-0. However, the speciˆc volume of specimen CD300-0 decreased throughout the entire shearing stage. Nevertheless, the speciˆc volumes of the saturated CD triaxial tests at the critical state fall on a single straight line, giving the critical state line on the (v-ln p) plane. Figure 10 indicates that the slope of the critical state line at saturation on the (v-p) plane (i.e., v(0)) was greater than the slope of the normal compression line (i.e., l(0)). Figures 11 to 14 show the stress paths for the CW and CD triaxial tests under diŠerent net conˆning stresses but at the same matric suctions of 100 kPa, 150 kPa, 200 kPa, and 300 kPa. It appears that the stress paths for the CW and CD triaxial tests showed similar trends. The speciˆc volume decreased at the early stage of shearing and then increased afterwards. The higher the net conˆning stress was, the higher the increase in speciˆc volume would be during shearing. However, specimens CW300-100, CW300-150, CW300-200, CW300-300, CD300-0, CD300-100 and CD300-200 underwent compression throughout the entire shearing stage. It can be seen that, the higher the net conˆning stress was, the higher the compression would be. This could be due to the fact that, the high net conˆning stress in the soil specimen caused a decrease in the overconsolidation of the soil specimen. As a result, the soil specimen would be compressed during entire shearing stage. Figures 15 and 16 show the summary of the speciˆc volume versus logarithm of the mean net stress at the critical state for the CW and CD triaxial tests, respectively. There appears to be a linear relationship between the speciˆc volumes with respect to logarithm of mean net stress under a constant matric suction plane. Figures 15  and 16 indicate that the slope of the critical state line, v(s), decreased with the increase in matric suction. In other words, a higher matric suction resulted in an increase in stiŠness of the soil specimen. As a result, the slope of the critical state line decreased with the increase in matric suction. Figure 17 shows the slope of the critical state line, v(s), versus matric suction for the CW and CD triaxial tests. The results from the CW and CD triaxial tests indicate that there is a unique relationship between the slopes of the critical state lines with respect to matric suction. The slopes of the critical state lines, v(s), on the (v-p) plane for the CW and CD triaxial tests at the saturated condition and at the matric suction of 300 kPa were found to be 0.113 and 0.041, respectively. The results from the CW and CD triaxial tests show that the speciˆc volume appeared to remain at the same value under the same matric suction value. Figure 18 plots the speciˆc volume at the reference stress of 100 kPa (i.e., G(s)) of the critical state lines versus matric suction. The speciˆc volume at the reference stress also decreased with the increase in matric suction for the CW and CD triaxial tests. 
